Achromatic multiple beam splitting by adiabatic passage in optical waveguides 
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A novel variable achromatic optical beam splitter with one input and N output waveguide channels 
is introduced. The physical mechanism of this multiple beam splitter is adiabatic passage of light 
between neighboring optical waveguides in a fashion reminiscent of the technique of stimulated 
Raman adiabatic passage in quantum physics. The input and output waveguides are coupled via a 
mediator waveguide and the ratios of the light intensities in the output channels are controlled by 
the couplings of the respective waveguides to the mediator waveguide. Due to its adiabatic nature 
the beam splitting efficiency is robust to variations in the experimental parameters. 

PACS numbers: 42.65.Jx, 42.79.Gn, 42.81.Qb, 43.20.Mv 



An optical beam splitter is a device that splits a beam 
of light normally into two parts with the same, or dif- 
ferent intensities. The most common form of a beam 
splitter is a rectangle glass prisms that reflects half of 
the light and transmits the other half due to frustrated 
total internal reflection. Traditional beam splitters suf- 
fer from monochromatic limitation (each is designed for 
a specific wavelength) and they are sensitive to the an- 
gle of incidence. Recently, a waveguide structure that is 
able to divide an input signal into two equal outputs for 
a broadband spectrum was proposed as a new kind of 
achromatic beam splitter [1] ; it is analogous to the tech- 
nique of fractional stimulated Raman adiabatic passage 
(STIRAP) [2] in quantum optics. 

The analogies with two-, three- and many-state quan- 
tum systems is a hot topic in the field of waveguide 
structures, which have led to implementations of some 
well-known techniques from quantum physics to control 
of light propagation in optical waveguides. These ana- 
logues include Rabi oscillations [3], Landau-Zener tun- 
neling [4, 5], STIRAP [1, 6-9], fractional STIRAP [6, 10], 
STIRAP extensions over many states [11, 12], and STI- 
RAP via the continuum [13-15]. Research in this direc- 
tion is still growing rapidly, as reviewed recently [16]. 

In this paper, we propose a variable achromatic opti- 
cal beam splitter with one input and N output waveguide 
channels, which are connected via a mediator waveguide. 
The device is an analogue to tripod STIRAP [17-19] in 
quantum optics, and hence it should enjoy the same ad- 
vantages as STIRAP in terms of efficiency and robustness 
against variations of the experimental parameters, such 
as the waveguides couplings, the distance between the 
waveguides and their geometry. 

We consider a system of one input, one intermediate 
and N output waveguides, as shown in Fig. 1. In the 
paraxial approximation with weakly curved waveguides 
the propagation of monochromatic light is described by 
a set of TV + 2 coupled differential equations (in matrix 
form) [1, 5-8], 
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FIG. 1: (Color online) Cross section of a possible waveguide 
arrangement of the multiple beam splitter with an input chan- 
nel i, mediator waveguide m and N = 5 output channels in 
the beginning (left), midway (middle) and in the end (right). 
The dashed lines depict the couplings between the waveg- 
uides. The light spots indicate the waveguides wherein the 
light is found and the spot area is proportional to the corre- 
sponding light intensity. 
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Here <2fe(z) (k = i, m, 1, 2, . . . , N) is the light amplitude in 
the fc-th waveguide and the corresponding light intensity 
is Ik = |afe(z)| 2 . The coupling coefficient between waveg- 
uides i and m is Q p (z) and the one between waveguides 
m and k is Ofc(z) (k = 1, 2, ... , N). We assume that the 
latter couplings share the same time dependence but they 
may have in general different magnitudes. The subscript 
p in the coupling fl p (z) is introduced in anticipation of 
the forthcoming analogy to the pump field in STIRAP. 
The waveguides of the output channels should not be 
coupled to each other but only to the mediator waveg- 
uide m; hence they are supposed to be isolated from each 
other, as sketched in Fig. 1. The null diagonal elements 
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FIG. 2: (Color online) Linkage pattern of the waveguides 
(left) and the effective couplings after the Morris-Shore trans- 
formation (right). 



in the matrix H(z) are due to the assumption of nearest- 
neighbor tight-binding approximation; hence only the di- 
rect coupling between the waveguides is considered (see 
Fig. 2). 

If we map the coordinate dependence into a time de- 
pendence, Eq. (2) is identical to the time-dependent 
Schrodinger equation; the vector A(z) and the driving 
matrix H(z) correspond to the quantum state vector and 
the Hamiltonian, respectively. In the absence of losses 

the quantity | A (z)\ 2 = \ai(z)\ 2 + \a m (z)\ 2 +J2k=i |afc(^)| 2 
is conserved, like the total population in a coherently 
driven quantum system. 

The physical mechanism of the proposed beam split- 
ter is most easily explained by the so-called Morris-Shore 
(MS) transformation [20], which is illustrated in Fig. 2. 
This transformation is applied on the upper set of tran- 
sitions between the middle waveguide m and the output 
waveguides k (k = 1,2, . . . , N), which form an N-pod (or 
"fan") linkage pattern [21]. The MS basis comprises the 
mediator waveguide m, a set of decoupled (dark) super- 
positions of output waveguides d& (k = 1, 2, . . . , iV — 1) 
and a bright superposition b of output waveguides, which 
is coupled to the mediator m with a coupling which is the 
root-mean-square (rms) of the initial couplings, 
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The decoupled superpositions are of no significance 
in the present context. The bright superposition has the 
vector form 



b(z) 



[o,oMz)Mz),...,n N {z)]' 1 



(4) 



i.e. it does not contain contributions from the input 
waveguide i and the middle waveguide m. The output- 
waveguide components are proportional to the respective 
couplings i7fc(z); if these couplings are equal then the 
bright superposition b(z) will be an equally-weighted su- 
perposition of all output waveguides. 

The three-waveguide ladder i —> m — > b in the MS 
basis is the subspace in which the beam splitting takes 
place via STIRAP-like adiabatic transfer of light from 
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FIG. 3: (Color online) Variable two-beam splitting between 
waveguides 1 and 2. Top frame: 1:1 beam splitting for 
£li(z) = ^2(2) = f2o/s(z). Middle frame: 2:1 beam split- 
ting for tti(z) = n fs(z) and fi 2 (z) = {Q, / s/2)f s {z). Bot- 
tom frame: 3:1 beam splitting for Q.i(z) — £lof s (z) and 
^2(2) = (flo/V3)fs(z). In all frames, Q p (z) = Qof P (z), 
f p (z) = exp[-(*/C - 0.7) 2 ], /.(«) = exp[-(0/C + 0.7) 2 ], and 
f2o = 25/C- Here £ is the characteristic length of the setup; it 
is used as the unit for length and l/( as the unit for coupling. 



i to b. To this end, the waveguides must be arranged 
in such a manner that the RMS "Stokes" coupling f2 s (z) 
precedes the "pump" coupling fi p (z) but the two must 
overlap partly, as in STIRAP. A cross section of the pos- 
sible geometry of the waveguides is shown in Fig. 1. Be- 
cause of the evanescent-wave nature of the waveguide 
couplings, which depend strongly on the distance be- 
tween the waveguides, the "Stokes" couplings dominate 
over the "pump" coupling in the beginning and vice versa 
in the end. 

As in STIRAP, the adiabatic passage of light proceeds 
via the dark superposition [22] , 



d(z) 



[r> s (z),o,-r; p (z)p 
v /r! p (z) 2 + ^ s (z) 2 



(5) 



By definition, in the adiabatic limit the system stays 
in an eigenvector of the Hamiltonian [23, 24]. If O s (z) 
occurs before Q p (z), as we assume, then the dark super- 
position d(z) is equal to the input waveguide initially; 
hence if adiabatic evolution is enforced the light will re- 
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FIG. 4: (Color online) Multiple beam splitting. Top frame: 
equal beam splitting between N = 3 waveguides 1, 2, and 3. 
Bottom frame: equal beam splitting between N — 4 waveg- 
uides 1, 2, 3, and 4. In all frames, fl p (z) — £lof p (z), £lk(z) = 
n f e (z) (k = 1,2, . . . , N), f p (z) = exph^/C-0.7) 2 ], /,(*) = 
exp[-(z/( + 0.7) 2 ], and fi = 25/C- 



main in the dark superposition d(z) all along. In the end, 
the dark superposition d(z) is equal to the bright output 
superposition b and hence, the input beam is split into 
N components; multiple beam splitting has occurred. 
The ratios of the intensities in the output waveguides 
are determined by the squared values of the respective 
couplings to the mediator waveguide, as it follows from 
Eq. (4). It is important that the final intensities in the 
output waveguide channels do not depend on the pre- 



cise form of the couplings, but only on the final ratios of 
the individual couplings. Moreover, the mediator waveg- 
uide m receives no light intensity throughout the beam 
splitting because it has no component in the dark super- 
position (5). 

Figure 3 shows numerical simulations of the light in- 
tensities in the input and output waveguides for N = 2 
output waveguides. The middle waveguide has only neg- 
ligibly small light intensity because the evolution is al- 
most adiabatic. In all cases the light is transferred adia- 
batically from the input waveguide i to the output waveg- 
uides 1 and 2 with nearly 100% efficiency. The splitting 
ratio is controlled by the squares of the respective cou- 
plings: it is 1:1 in the upper frame, 2:1 in the middle 
frame, and 3:1 in the bottom frame. 

Figure 4 demonstrates multiple beam splitters, in 
which the incident light is transferred from the in- 
put waveguide to several output waveguides. Again, if 
needed, variable beam splitting can be achieved by the 
ratios of the couplings from the mediator to the output 
waveguides. 

Because the physical mechanism of the beam splitter 
described above is based upon adiabatic evolution, which 
is insensitive to variations in the couplings, this beam 
splitter is expected to be achromatic, as in the beam 
splitter using fractional STIRAP [10]. 

In conclusion, we have proposed a novel type of achro- 
matic optical beam splitter with one input and iV output 
waveguide channels. This beam splitter uses STIRAP- 
like adiabatic passage of light and it is therefore expected 
to be robust against variations of the couplings and the 
waveguide geometry. 
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